Prior studies on red and processed meat consumption with breast cancer risk have generated inconsistent results. We performed a systematic review and meta-analysis of prospective studies to summarize the evidence regarding the relation of red meat and processed meat consumption with breast cancer incidence. We searched in MEDLINE and EMBASE databases through January 2018 for prospective studies that reported the association between red meat and processed meat consumption with incident breast cancer. The multivariable-adjusted relative risk (RR) was combined comparing the highest with the lowest category of red meat (unprocessed) and processed meat consumption using a random-effect meta-analysis. We identified 13 cohort, 3 nested case-control and two clinical trial studies. Comparing the highest to the lowest category, red meat (unprocessed) consumption was associated with a 6% higher breast cancer risk (pooled RR,1.06; 95% confidence intervals (95%CI):0.99-1.14; I 2 = 56.3%), and processed meat consumption was associated with a 9% higher breast cancer risk (pooled RR, 1.09; 95%CI, 1.03-1.16; I 2 = 44.4%). In addition, we identified two nested case-control studies evaluating the association between red meat and breast cancer stratified by N-acetyltransferase 2 acetylator genotype. We did not observe any association among those with either fast (per 25 g/day pooled odds ratio (OR), 1.18; 95%CI, 0.93-1.50) or slow N-acetyltransferase 2 acetylators (per 25 g/day pooled OR, 0.99; 95%CI, 0.91-1.08). In the prospective observational studies, high processed meat consumption was associated with increased breast cancer risk.
Introduction
Globally, breast cancer is the most common cancer among women and the second leading cause of cancer death. 1 Given the international variations in breast cancer rates and trends, 2 the importance of identifying modifiable lifestyle risk factors is widely acknowledged as a means to reduce breast cancer. Red meat is hypothesized to be an important dietary risk factor for several cancer sites, and provides a source of animal fat, heme iron and chemical carcinogens that may accumulate during cooking and/or processing. The International Agency for Research on Cancer (IARC) concluded that consumption of red meat (unprocessed) was a probable human carcinogen, whereas processed meat was classified as "carcinogenic to humans." 3 This classification was largely based on the evidence for colorectal, pancreas and prostate cancers for red meat and colorectal cancer for processed meat. 3 Using pooled data from eight cohort studies, Missmer et al. 4 observed a null association of red meat and processed meat consumption with breast cancer risk. However, in a recent meta-analysis of 14 studies, Guo et al. provided evidence that red meat and processed meat consumption was associated with higher risk of breast cancer. 5 In contrast, Anderson et al. reported that only processed meat might increase risk of breast cancer. 6 However, the meta-analysis by Guo et al. had several limitations such as including some studies twice in the analysis 4, [7] [8] [9] [10] as well as including a case-control study. 11 Epidemiological studies assessing red meat and processed meat intake with risk of breast cancer based on menopausal status are limited and inconsistent, with most of the studies including largely postmenopausal women. 9, 10, [12] [13] [14] [15] [16] [17] [18] In previously meta-analysis, higher processed meat was associated with higher risk of postmenopausal breast cancer, but not breast cancer before menopause. 6 Moreover, breast cancer is a heterogeneous disease, and estrogen receptor positive breast tumors (ER+) are more strongly associated with hormonerelated factors than estrogen receptor negative tumors (ER-), 19 therefore, hormone residues of the exogenous hormones used in beef cattle may increase risk of ER+ tumors. 20 However, the association of red meat consumption in relation to tumor hormone receptor status is not well-established 8, 10, 18, 21, 22 and, to our knowledge, no prior meta-analyses have reviewed this association.
Heterocyclic amines (HCAs) are carcinogenic compounds that form in meat when cooking for a long duration at high temperature. 23, 24 N-acetyltransferase 2 (NAT2), an important enzyme in the biotransformation of aromatics and HCAs, 25, 26 is a polymorphic enzyme that segregates individuals into biochemical phenotypes, ranging from slow to fast acetylators. 27 It is hypothesized that higher levels of DNA adducts are formed by O-acetylation of HCAs among NAT2 fast acetylators than among slow acetylators. 28 Therefore, these differences in enzyme activity may modify the carcinogenic effect of red meat. However, regarding the interaction between meat consumption and NAT2 polymorphisms on risk of breast cancer, evidence in epidemiological studies is sparse and conflicting, [29] [30] [31] and it has not been evaluated in published meta-analyses.
In our study, we conducted a meta-analysis on the current evidence for effects of red meat and processed meat intake with risk of breast cancer overall, and according to menopausal, and estrogen and progesterone receptor status. We also examined whether NAT2 genotype may modify the association between red meat intake and breast cancer risk.
Subjects and Methods

Study strategy
We followed the checklist of the Meta-analysis of Observational Studies in Epidemiology (MOOSE) for background, design, analysis and interpretation. 32 A systematic literature review was conducted in two databases, MEDLINE and EMBASE, related articles and hand-searching of references for all prospective studies describing the association of intake of red meat and processed meat with breast cancer risk until January, 2018. Two authors (M.S.F, E.C.) screened all publications. Only English publications were considered. The search strategy identified 466 unique citations. The definition of red meat and processed meat was based on the IARC Working Group classification. 3 Red meat refers to unprocessed mammalian muscle meat including beef, veal, pork, lamb, mutton, horse, or goat meat. Processed meat refers to meat that has been transformed through salting, curing, fermentation, smoking, or other processes to enhance flavor or improve preservation (e.g., bacon, sausage, salami, hot dog). 3 To minimize the influence of recall and selection bias that occur in casecontrol studies, we did not include these studies. Only prospective studies were included with multivariable-adjusted risk estimates (relative risk [RR] or hazard ratio [HR]) of red meat, processed meat, or total red meat (red meat + processed meat) consumption as an exposure and breast cancer as an endpoint. Retrospective (historical), case-control, cross-sectional, or ecological studies were excluded; nonoriginal research (reviews, editorials and letters), meeting abstracts and duplicated publications were also excluded. When multiple manuscripts were published from the same study population, the most up-to-date analyses with the largest number of breast cancer cases were considered for this meta-analysis (Fig. 1) .
In a previous paper, using data from the Nurses' Health Study II (NHSII), 8 we reported the association between total red meat intake including unprocessed and processed red meat and risk of breast cancer. For the current meta-analysis, we have updated the previous paper and included the results of red meat and processed meat intake separately.
Data extraction
Information was extracted on study characteristics (first author, publication year, study name, country), duration of follow up (mean, median, or maximum number of follow up), number of participants, number of cases of overall breast cancer, breast cancer before and after menopause, age at baseline What's new? The International Agency for Research on Cancer concluded that consumption of red meat is a probable human carcinogen, whereas processed meat was classified as carcinogenic. However, this classification was largely based on the evidence for colorectal, pancreas and prostate cancers. This systematic review and meta-analysis including prospective cohort studies of red meat and processed meat consumption provides evidence that higher consumption of processed meat, but not red meat, is associated with higher risk of breast cancer. These associations were independent of traditional breast cancer risk factors, and no evidence was found for differing associations according to N-acetyltransferase 2 (NAT2) genotypes.
(mean, median, or range), dietary assessment method, meat variable definition and covariates in the statistical models. When more than one multivariable model was reported, we extracted the RRs with the greatest number of adjusted variables.
Data synthesis
We conducted separate analyses considering three different variables: "red meat" which included only unprocessed red meat items, "processed meat" which included only processed meats, and "total red meat" which included red meat and processed meats. Because studies reported risk estimates differently (e.g., tertiles, quartiles, or quintiles of intake), we combined the RRs for the highest vs. the lowest category of intake. Forest plots were used to visualize the RRs and corresponding 95% confidence intervals (CIs) of the pertinent studies included in the meta-analysis. Potential heterogeneity among the studies was assessed using the I 2 statistic. Randomeffects models (DerSimonian and Laird method) were used to calculate the overall RR estimates and 95% CIs. We assessed the possibility of publication bias by visual inspection of a funnel plot and the Begg's test. Potential heterogeneity among studies was assessed using the I 2 statistic, and the heterogeneity was further explored using stratified analysis and the meta- regression method. Sources of heterogeneity included region (North America/other countries), duration of follow-up (<8 years/≥8 years of follow-up), adjustment for energy intake, smoking, benign breast disease, family history of breast cancer, and alcohol intake. A two-tailed p < 0.05 was considered statistically significant. All statistical analyses were conducted using STATA, version 12, software (STATA Corp, College Station, TX).
Results
Study characteristics
After screening the titles and abstracts, 13 prospective cohort studies met inclusion criteria for red meat and processed meat meta-analyses 6, [8] [9] [10] 12, 14, 15, 17, 18, 21, 22, 33, 34 (Table 1 ). In addition, three nested case-control studies 13, 35, 36 and two clinical trial studies (not testing either red meat or processed meat) 16, 37 met inclusion criteria for red/processed meat. Furthermore, two studies met inclusion criteria regarding the interaction between red meat consumption and NAT2 polymorphisms on risk of breast cancer 29, 30 (Table 2) . We conducted separate analyses considering for red meat, processed meat and total red meat. The characteristics of the 18 identified cohort, nested case-control and clinical trial studies are summarized in Table 1 . In each study, the number of participants ranged from 493 to 319,826, and they were followed up anywhere from 1.9 to 20 years. A total of 1,133,110 women, including 33,493 cases of breast cancer (13 studies), were included in the red meat and overall breast cancer metaanalysis; a total of 1,254,452 women, including 37,070 cases of breast cancer (15 studies) for processed meat; and a total of 531,722 women, including 21,123 cases of breast cancer (7 studies) for total red meat. Diet was generally assessed by food frequency questionnaire, except two studies (NutriNet Santé and the Supplementation en Vitamines et Mineraux Antioxydants [SU.VI.MAX]) that utilized dietary records. 34, 37 Red meat, processed meat and total red meat consumption was reported as gram/day or week, serving/day, or gram/1,000 kcal across studies (Supporting Information Tables S1, S2, S3). From 18 studies (including nested casecontrol and clinical trial studies), eight studies were from North America, 8, 9, 12, 14, 16, 18, 21, 35 nine studies were from Europe 6,10,13,15,17,22,34,36,37 and one study from Japan. 33 In 15 out of 18 studies (CSA, NLCS, NHS, MPCDRF, CNBSS, UKWCS, PLCOCST, SMC, EPIC, BWHS, SU.VI.MAX, NHSII, NIH-AARP, UK Biobank, NutriNet Santé), measures of associations were adjusted for known breast cancer risk factors (Table 1) . Seven cohort studies (NHS, CNBSS, UKWCS, EPIC, BWHS, NHSII, NutriNet Santé) reported results for premenopausal breast cancer. Eleven out of 18 studies reported the association between red meat or processed meat intake with breast cancer in postmenopausal women. 6, 8, 9, [13] [14] [15] [16] [17] [18] 21, 34 Three cohort studies (SMC, NHSII, NIH-AARP) reported the association between total red meat intake and breast cancer by estrogen and progesterone receptor status (Table 1) . Data on red meat intake and risk of breast cancer stratified by NAT2 genotypes were available from two nested case-control studies (DCH, NHS) ( Table 2) .
Publication bias
For overall breast cancer, visual inspection of a funnel plot (Supporting Information Fig. 1 ) and the Begg's test suggested no evidence of publication bias for red meat (p = 0.23) or processed meat (p = 0.67).
Red meat, processed meat and total red meat consumption and risk of breast cancer Across 13 studies that examined the association between red meat and overall breast cancer, red meat consumption was associated with a nonsignificant increased risk of overall breast cancer. The random-effects summary of RRs comparing the highest vs. the lowest category of red meat was 1.06 (95% CI: 0.99, 1.14) (Fig. 2) , with moderate inconsistency between studies (I 2 = 56.3%). Among 15 studies that evaluated the association between processed meat and overall breast cancer, the risk estimate comparing the highest vs. the lowest category was 1.09 (95% CI: 1.03, 1.16; I 2 = 44.4%) (Fig. 3) . Among seven studies that evaluated the association between total red meat and overall breast cancer, the risk estimate comparing the highest vs. the lowest category was 1.09 (95% CI: 0.99, 1.21; I 2 = 65.3%) (Fig. 4 ). No individual study had a particularly large influence on the pooled estimate of RR for red meat or processed meat and breast cancer. However, significant association was observed between red meat and breast cancer after excluding SMC (RR = 1.08, 95%CI = 1.01-1.16; I 2 = 50.5%). In addition, the pooled RRs for red meat and breast cancer was changed to 1.04 (95%CI = 0.98-1.09; I 2 = 27.8%) after excluding NutriNet Santé.
Red meat and processed meat consumption and risk of preand post-menopausal breast cancer Among six cohort studies that examined the association between red meat intake and premenopausal breast cancer, the risk estimate comparing the highest vs. the lowest category was 1.07 (95% CI: 0.97, 1.18; I 2 = 30.9%) (Supporting Information Fig. S2-A) . Among nine studies that examined the association between red meat intake and postmenopausal breast cancer, the summary of RRs comparing the highest vs. the lowest category of red meat was 1.08 (95% CI: 0.99, 1.17; I 2 = 53.6%) (Supporting Information Fig. S2-B) . With regard to processed meat, higher intake was not associated with risk of premenopausal breast cancer (highest vs. lowest category RR = 1.09; 95%CI = 0.95, 1.25; I 2 = 50.3%) (Supporting Information Fig. S3-A) , whereas it was associated with a higher risk of postmenopausal breast cancer (highest vs. lowest category RR = 1.10; 95% CI: 1.03, 1.17; I 2 = 30.8%) (Supporting Information Fig. S3-B) . Total red meat consumption, estrogen and progesterone receptor status and risk of breast cancer
Among the three studies with data related to hormone receptor status, total red meat intake was not significantly positively associated with risk of ER+/PR+ tumors (RR: 1.12; 95% CI: 0.92, 1.38) (Supporting Information Fig. S4-A) and ER-/PRtumors (RR: 1.03; 95% CI: 0.85, 1.24) (Supporting Information Fig. S4-B) .
Red meat consumption, NAT2 acetylator status and risk of breast cancer
Among the two studies with data on NAT2 genotype status, consumption of red meat was not associated with a higher risk of breast cancer among women with either the fast NAT2 acetylator genotype (OR: 1.18; 95% CI: 0.93, 1.50 for each 25 g/d increase of red meat) (Fig. 5-A) or the slow NAT2 acetylator genotype (OR: 0.99; 95% CI: 0.91, 1.08 for each 25 g/d increase of red meat) ( Fig. 5-B ).
Subgroup analyses
We did not find significant heterogeneity among studies that examined red meat or processed meat in relation to overall breast cancer incidence (Supporting Information Table S4 ).
Discussion
This systematic review and meta-analysis study reports significant positive associations between processed meat consumption with risk of breast cancer. When considering menopausal status, similar risk estimates were observed for association between processed meat and breast cancer risk before and after menopause, however, this association was not significant among premenopausal women. These associations were independent of traditional breast cancer risk factors. We did not observe significant association between red meat intake and risk of breast cancer among women with fast or slow NAT2 acetylator genotype. Similar to the prior meta-analyses published in 2015 and 2018, 5, 6 we found positive association between processed meat intake and breast cancer risk after including several newly published data and excluding duplicate studies. In our metaanalysis, we further expanded the analyses to include the assessment by menopausal and hormone receptor status.
Although high amounts of nitrate and nitrite might link processed meat to increased risk of breast cancer, 38,39 the high content of saturated fat, cholesterol and heme iron found in red meat may also underlie the association with breast cancer. 40, 41 A high intake of animal-derived iron was associated with an increased risk of breast cancer in Chinese women. 41 Consistent with these findings, Ferrucci et al. 16 reported that intake of red meat, HCA and dietary iron elevated risk of invasive breast cancer. A study of genetic variability in ironrelated oxidative stress pathways suggested that women with genotypes resulting in potentially higher levels of iron-related oxidative stress might be at increased risk of breast cancer. 42 However, another study was unable to demonstrate an association of iron or heme iron with breast cancer risk.
14 Carcinogenic HCAs formed in red meat during hightemperature cooking may play a role in the etiology of breast cancer. [43] [44] [45] The carcinogenic effect may depend upon metabolisms of HCAs and related chemicals by NAT2 genotypes. However, our findings did not support that high intake of red meat might increase risk of breast cancer for women characterized as fast acetylators of NAT2 (Fig. 5) . The lack of statistical significance might be due to the meta-analysis of two studies that the RR came from red meat in the DCH and the RR came from total red meat in the NHS.
When considering menopausal status, similar risk estimates were observed for association between processed meat and breast cancer risk before and after menopause, however, this association was not significant among premenopausal women. The lack of statistical significance might be due to smaller sample size and lower statistical power among premenopausal women.
Fewer studies evaluated whether the association between total red meat intake and breast cancer varied by hormone receptor status. 8, 10, 18, 21, 22 Sex steroid hormones administered to animal for growth promotion might increase risk of hormone receptor positive tumors. 20 In the current analysis, however, the association between high total red meat consumption and breast cancer risk did not differ between ER+/PR+ tumors or ER-/PR-tumors.
Our analysis has several strengths. We limited our analysis to prospective cohort, nested case-control and clinical trial studies to minimize the influence of recall and selection bias that may occur in case-control studies. Also, most prospective studies adjusted for potential breast cancer risk factors. Although we observed wide variations in study population in the cohort studies, low to moderate heterogeneity across studies supported the external validity of pooling results from different studies. Additional strengths included the ability to evaluate the association of red meat intake and breast cancer events in different populations with different diets, including large variations in red meat intake and to distinguish between unprocessed and processed red meat.
A few limitations of our study should be considered. As in any meta-analysis, publication bias is possible. However, we did not observe significant publication bias for either red meat or processed meat. Although most of the studies adjusted for major breast cancer risk factors, as with most observational studies, we cannot exclude the possibility of residual confounding. In the majority of studies, because diet was assessed using an FFQ, the under-or over-reporting of the amount of food groups could cause measurement error. However, since this equally may affect cases and noncases, likely estimates will be biased toward the null, so actual effect sizes might be larger than we observed here. Moreover, we compared the highest level of intake vs. the lowest, but levels of intake do not match sometimes. In some studies, processed poultry was included in processed meat and total red meat. If data for processed red meat were reported, these data were considered in our meta-analysis. Furthermore, at this level of risk subtle biases may be present. In some analyses, especially the one by NAT2 genotype or by hormone receptor status, sample size was limited. Finally, because the majority of the studies were conducted in North America and Europe, the findings may not be directly generalizable to other racial and ethnic groups.
Conclusion
This systematic review and meta-analysis including prospective cohort studies of red meat and processed meat consumption provides evidence that higher consumption of processed meat is associated with higher risk of breast cancer. However, red meat was not a significant cause of breast cancer. Moreover, we did not find evidence for differing associations according to NAT2 genotypes. Further studies examining molecular subtypes of breast cancer are needed. 
